SUMMARY
Subjects ran in a slightly more crouched posture when on uneven terrain compared to running on 1 8 7 the even surface (Fig. 7A) . Subjects contacted the ground at heel-strike with a more bent leg, and 1 8 8 hence a shorter leg length (0.992±0.022 and 0.984±0.022 for even and uneven terrains, 1 8 9 respectively; dimensionless; p = 0.0018), defined as the straight-line distance from the greater 1 9 0 trochanter marker to the fifth metatarsal marker of the stance foot and normalized to mean 1 9 1 subject leg length. Similarly, leg length before toe-off decreased significantly from 1.02±0.011 to 1 9 2 1.01±0. 015 (dimensionless; p<0.0001) . In addition, the minimum leg length during mid-stance 1 9 3 was longer on uneven terrain (0.907±0.014 and 0.912±0.015 for even and uneven terrains, 1 9 4 respectively; dimensionless; p=0.0041). This resulted in a 15% decrease in the maximum change 1 9 5 in leg length, from 0.085±0.023 on even ground to 0.072±0.019 on uneven terrain 1 9 6 (dimensionless; p<0.0001). 1 9 7 1 9 8
Primarily due to different leg length dynamics, subjects ran on stiffer legs when running on 1 9 9
uneven terrain compared to running on even ground (Fig. 7B ). Using the more traditional leg 2 0 0 stiffness calculation (defined as the ratio between the maximum vertical ground reaction force 2 0 1 and the maximum leg length displacement), we found a 20% difference in leg stiffness between 2 0 2 the two surfaces (from 27.9±6.40 on even to 33.4±7.54 on uneven terrain; dimensionless; p < 2 0 3 0.0001). Similarly, the second leg stiffness calculation (defined as the linear fit to the vertical 2 0 4 ground reaction force versus leg displacement) showed a 10% increase in leg stiffness (from 2 0 5
19.7±2.10 on even to 21.8±2.74 on uneven terrain; dimensionless; p < 0.0001). In this study we quantified the changes in energetics and biomechanics between running on 2 0 9 uneven terrain and on flat, smooth terrain. Our findings supported our hypotheses, primarily that 2 1 0 running is more energetically costly on uneven terrain compared to even terrain. However, this 2 1 1 increase was much smaller than the increase caused by the same surface during walking. More 2 1 2 specifically, we found a 0.48 W/kg (28%) increase in metabolic cost during walking and a 0.68 2 1 3 W/kg (5%) increase during running. Although the percent changes were quite different between 2 1 4
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1 5
These absolute energetic increases could be related to the total mechanical energy fluctuations 2 1 6 caused by the uneven surface. For example, running uphill and downhill for an equal distance 2 1 7 would result in greater energy expenditure than running on level ground for the same total 2 1 8 distance (Margaria, 1968) . If we equate the uneven surface to a series of steps up and down an 2 1 9 incline, it would be reasonable to expect an increase in energy expenditure as well. If we 2 2 0 consider the mean step length of our runners (0.884 m) and the maximum step height change of 2 2 1 the uneven terrain (0.025 m), our uneven terrain surface would be roughly equivalent to running 2 2 2 up and down a 1.6% incline. In addition, we could expect this incline to result in an energy 2 2 3
increase of approximately 0.35 W/kg (Margaria et al., 1963 As expected, we saw changes in step length and width variabilities across the two surfaces.
9
Running on uneven terrain, runners showed 33% and 26% increases in step width and length 2 3 0 variability, respectively (p < 0.05). This is consistent with past research, which has shown that 2 3 1 challenges to locomotor stability tend to produce more step variability during walking (Thies et , 2001) . In contrast, during running humans tend to prefer narrow step widths close to the 2 3 5 midline of the body (Cavanagh, 1987) . This is because narrow step widths result in less lateral 2 3 6 moments about the center of mass and tend to reduce energetic cost compared to larger step 2 3 7
widths. Based on previous research (Arellano and Kram, 2011), reducing step width and step 2 3 8 width variability during running led to a reduction in energy expenditure. However, our subjects 2 3 9 only showed a 27% increase in step width variability and no change in the mean step width.
4 0
These changes are relatively small and nowhere near the magnitude necessary to produce a 5% 2 4 1 increases in energy expenditure (Arellano and Kram, 2011) . This suggests that the energetic 2 4 2 increase caused by changes in step parameters was negligible. Another important finding of this is study is that the lower limb joints that compensate for 2 5 6 locomotion on uneven terrain are very different between walking and running. During walking, 2 5 7
ankle joint dynamics remain invariable while the knee and hip joints compensate with greater 2 5 8 positive work production (Voloshina et al., 2013) . In contrast, running on uneven terrain only 2 5 9 significantly affects work done at the ankle joint. The most likely explanation for this contrast in 2 6 0 joint kinetic adaptations is the reliance on different biomechanical mechanisms for the two gaits.
6 1
Running can be compared to a spring-mass system, with the lower limb functioning together as if 2 6 2 it were a single compression spring (Farley and Ferris, 1998; McMahon and Cheng, 1990 ). In 2 6 3 contrast, walking has inverted pendulum dynamics with differentiation by joint that is unlike 2 6 4 running (Alexander, 1992; Farley and Ferris, 1998; Kuo, 2001; McGeer, 1990 ). These 2 6 5 differences in fundamental dynamics suggest that each gait has different benefits and drawbacks 2 6 6 to joint specific adaptations on uneven terrain. The decrease in ankle work seen during running on uneven terrain compared to even ground is 2 6 9 likely due to the high load sensitivity of the ankle joint. Muscles at the distal joints rely on high-2 7 0 gain proprioceptive feedback and are often the first to encounter perturbations due to uneven 2 7 1 terrain (Daley and Biewener, 2006) . In contrast, the more proximal knee and hip joints are 2 7 2 largely feed-forward controlled. This control strategy improves running stability by maintaining 2 7 3 consistent limb cycling but has a more pronounced effect on the distal joints (Daley et al., 2007) .
7 4
In addition, we saw a small reduction in the ankle range of motion, which could have also led to 2 7 5
The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT a reduction in joint work. This reduction in ankle motion likely stabilized the joint in response to 2 7 6 the unpredictable running surface. However, it could have also led to a reduction in energy 2 7 7 storage and return in the Achilles tendon, leading to reduced work at the ankle joint. Recently, a 2 7 8
number of research groups have demonstrated that ultrasound imaging can track both muscle 2 7 9 fiber and tendon displacements during human running. Future experiments using ultrasound 2 8 0 imagining could provide greater insight into the muscle-tendon mechanics on uneven terrain.
8 1 8 2
In conjunction with our hypotheses, subjects exhibited greater leg stiffness when running on 2 8 3 uneven terrain compared to even terrain. There were changes in muscle co-activation but they 2 8 4
were small in magnitude and were likely not the major drivers of leg stiffness adjustments across 2 8 5 the surfaces. Vertical ground reaction force profiles were also largely unchanged, with only the 2 8 6 impact peak magnitude increasing by 17%. This increase suggests that subjects landed with a 2 8 7
higher contact force, likely due to flatter feet at ground contact. However, the main cause of crouched leg posture during avian running may be an adaptation mechanism, as it allows for 2 9 5 lengthening and shortening of the limb. As a result, the more crouched running posture and 2 9 6 overall larger leg stiffness on uneven terrain is likely an adaptation response to an unfamiliar 2 9 7 environment. In future studies, it may be interesting to look into the changes in leg stiffness 2 9 8 throughout training periods, where subjects are allowed to become familiar with the surface over 2 9 9 longer periods of time. This study had several limitations related to kinetic measurements. The accuracy of the force 3 0 2 measurements during uneven terrain running was one such limitation. As described previously, 3 0 3 the uneven terrain treadmill was placed atop two supports, each of which was placed on top of a 3 0 4 force platform. The forces recorded from each platform were then added together to obtain the 3 0 5 total ground reaction forces. The treadmill was not rigidly attached to the supports and there was 3 0 6
The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT some slack in the belt to which the uneven surface was attached. As a result, the force data were 3 0 7 noisier than data collected with our in-ground, instrumented treadmill. To account for the 3 0 8 additional noise, we low-pass filtered the ground reaction force data using a cutoff frequency of 3 0 9 6 Hz, rather than a more traditional cutoff frequency of 25 Hz. We used the same filtering 3 1 0 techniques for both surface conditions. To test the validity of comparing running on these 3 1 1 different experimental setups, we compared a representative subject running on the in-ground Another limitation of the study was that subjects ran at only one prescribed speed. They could 3 2 9 not negotiate the terrain by altering their speed as is possible when running on natural surfaces.
0
We chose a slow running speed to maximize our subjects' comfort level and did not test a range 3 3 1 of speeds. Running at faster speeds could have resulted in more pronounced biomechanical 3 3 2 differences. We also tested only one pattern of stepping areas and one range of surface heights 3 3 3 for the uneven terrain surface. However, since subjects did not appear to get accustomed to the 3 3 4 surface, we do not believe the inherent pattern of the uneven terrain affected gait dynamics.
5
Larger surface height variability would have likely caused amplified biomechanical and 3 3 6 energetic effects.
7
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Additional limitations relate to subject training and the inherent difference between treadmill and 3 3 9 overground running. For one, subjects were also not allowed multiple days to train and adjust to 3 4 0 the terrain. It may be helpful in future studies to determine if there are long-term adaptation 3 4 1 effects. In addition, subjects ran with a limited visibility of the terrain due to the length of the 3 4 2 treadmill. All subjects were comfortable running on the treadmill and did not appear to be respirometry data for all 10 min of the running and walking trials and also for 7 min during quiet 4 0 7 standing prior to each data collection. We allowed subjects the first 7.5 min of the trial to reach 4 0 8 steady-state energy expenditure and only used the last 2.5 min of data to calculate the metabolic 4 0 9 energy expenditure rate of each subject. To find the metabolic rate,
‫ܧ‬ ሶ ௧
(W), we used standard 4 1 0 empirical equations as described by (Brockway, 1987; Weir, 1949) . The net metabolic rate was 4 1 1
found by subtracting the standing metabolic power from the metabolic power of all running 4 1 2 conditions. All net metabolic power was normalized by subject body mass (kg).
1 3 1 4
Kinetics and Kinematics
1 5
For both even and uneven conditions, we recorded the positions of 31 reflective markers using a 4 1 6
10-camera motion capture system (frame rate: 100 Hz; Vicon, Oxford, UK). We placed markers 4 1 7
on the pelvis and lower limbs as described by (Voloshina et al., 2013) and taped them onto the 4 1 8 skin or spandex shorts worn by the subjects. Although trials lasted for 10 minutes, the first 7.5 4 1 9 min allowed subjects to reach steady-state dynamics and we only used the last 2.5 minutes of 4 2 0 data to calculate step parameters such as step width, length and height. For each subject and trial, 4 2 1 the 2.5 minutes of data analyzed consisted of a minimum of 250 steps and up to 400 steps. To 4 2 2 reduce motion artifact, we low-pass filtered all marker data at 6 Hz (fourth-order Butterworth 4 2 3 filter, zero-lag). We defined step width, length and height as the distance between the lateral, 4 2 4
fore-aft and vertical distances between the calcaneous markers on the two feet at their respective 4 2 5
heel-strike instances.
Step height measurements were used only to determine changes in step 4 2 6 height variability caused by the uneven surface. We calculated the effective leg angle as the force was applied on the terrain, which was up to 2.54 cm higher than the surface of the 4 5 7
treadmill. We estimate the center of pressure error introduced by this simplification to be less 4 5 8 than 1.5 cm based on projecting a force from the highest point on the terrain to the surface of the 4 5 9
treadmill. Mean subject forces were normalized to subject weight and then averaged over 4 6 0 subjects.
where the effective leg length was the straight-line distance from the greater trochanter marker to 5 0 1 the fifth metatarsal marker of the stance foot, normalized to subject leg length. We defined We used an alternate method for calculating leg stiffness as a means to ensure that methodology 5 0 9
did not alter the conclusions of the study. We computed the second leg stiffness, k fit , by finding a every subject and then averaged the strides to find subject means for both running conditions.
1 4
The mean inter-subject leg stiffness for each running surface was the average leg stiffness across 5 1 5 subjects. We defined variability for step parameters, joint parameters (consisting of joint angles, torques 5 1 9
and powers) and EMG data as the average standard deviation of each parameter across subjects, 5 2 0 per running trial. For example, for step parameter data, variability was calculated by averaging 5 2 1 the standard deviation of consecutive step distances or periods over time for each subject, across 5 2 2 subjects. Similarly, joint parameter and EMG variability were found by averaging the standard 5 2 3
deviation of the parameter at each time point, per condition, across subjects. We then reported 5 2 4
the mean variability (and the standard deviation of the variability over subjects) for each 5 2 5
condition. We used repeated-measures ANOVAs to assess differences between conditions. The Table 1 .
Step parameters for running on the even and uneven surfaces. Parameters include step period and the mean step width, length, and height and their respective variabilities (all normalized to subject leg length, mean 0.944 m).
Step variability is defined as the standard deviation of step distances over a trial, reported as a mean (±s.d.) across subjects. Asterisks signify a statistically significant difference between the even and uneven running conditions (post hoc pair-wise comparisons, α = 0.05).
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